Abstract. Hemiparetic stroke is a common motor network disorder that affects a wide range of functional movements due to cortical and subcortical network lesions in stroke patients. Conventional magnetic resonance imaging (MRI) has been used to examine structural brain damage, but the integrity and connectivity of the whole brain are poorly understood. Hence, advanced neuroimaging with diffusion tensor imaging (DTI) has been developed to better localize fiber architecture and connectivity in the motor network or pathways that are responsible for motor impairments in hemiparetic stroke. To ascertain motor network connectivity between the involved and non-involved hemispheres in stroke patients, we analyzed the DTI data from all right hemiparetic stroke patients using fractional anisotropy (FA) and network parameters, including node degree and edge betweenness centrality (EBC). The FA values were substantially lower in the left hemisphere than the right hemisphere. Similarly, the node degree and EBC were significantly lower in the left hemisphere than the right hemisphere. The present brain network analysis may provide a useful neuropathway marker for accurate diagnosis and therapeutic intervention.
Introduction
Hemiparetic stroke is a common and costly disorder resulting from cerebrovascular attack (CVA). Depending on the specific cortical or subcortical network lesions, it is often implicated with a wide range of important functional motor impairments such as walking and reaching [1, 2] . MRI has been used to accurately diagnose cerebral lesions after CVA; however, the integrity and connectivity of the whole brain, which may represent important diagnostic and prognostic biomarkers for neurorehabilitation [3] , have not been fully investigated. Hence, the neurophysiologic basis for the neurological deficits associated with CVA remains incompletely understood. Recently, DTI indices, such as mean diffusivity (MD), fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD), have been used to localize the integrity of microstructural neural fibers of the sensorimotor pathways that are responsible for motor impairments in stroke [4] [5] [6] [7] . In this study, we used only FA values because FA values were highly sensitive to microstructural changes [8] . However, DTI indices cannot provide information on the connectivity of distributed structural networks affecting motor function. The purpose of this preliminary case investigation was to determine microstructural changes and associated motor network connectivity in patients with unilateral hemiparetic stroke. Therefore, we applied a network analysis to DTI from hemiparetic stroke patients in order to investigate differences in network parameters, such as node degree and edge betweenness centrality, between the left and right motor-related regions (putamen, precentral gyrus, postcentral gyrus, and supplementary motor area). We hypothesized that intrahemispheric motor network disconnectivity would be associated with motor dysfunction in CVA.
Materials and methods

Data acquisition and pre-processing
A 3-Tesla MRI (Siemens, Germany) scanner was used to record DTI data from three patients with hemiparetic stroke resulting from left CVA. All patients had a wide range of lesions on their left hemispheres (Figure 1) , and each patient's cortical or subcortical lesions are tabulated in Table 1 . For DTI data acquisition, the standardized MRI parameters included repetition time (TR) = 6000ms, echo time (TE) = 105 ms, and 20 non-collinear diffusion gradient directions at b = 1000 s/mm 2 with b = 0 s/mm 2 image. We corrected distortions caused by eddy current and head motions, removed non-brain regions, and fitted the diffusion tensor model at each voxel using functional MRI of the brain (FMRIB) [9] . In brief, distortions caused by eddy current and head motions were corrected by applying 12-parameter affine transformation to register each diffusion-weighted image to the b0 image obtained without diffusion sensitizing gradient. DTI data of each subject were normalized to the Montreal Neurological Institute (MNI) space by using nonlinear tensor image registration algorithms [10] . Using the normalized DTI data, we performed fiber tracking using the Fiber Assignment by Continuous Tracking (FACT) algorithm in Dti-Studio (https://www.mristudio.org/) (Figure 2 (a)) [11] . The regions of interest (ROIs) were defined as putamen, precentral gyrus, postcentral gyrus, and supplementary motor area and processed for data analysis because these regions primarily represent clinical motor network impairments in patients with hemiparetic stroke.
Fractional anisotropy
Fractional anisotropy (FA), defined in Eq. (1), is sensitive to fiber integrity in the brain:
where λ 1 , λ 2 , and λ 3 are eigenvalues and λˆ is the mean of the eigenvalues.
To compensate for loss of DTI image registration, FA maps were smoothed using a Gaussian kernel width of 8 mm (i.e., full width, half maximum) [12] . The FA value of gray matter in the brain is generally lower than 0.2 [13] . If the FA value is close to 0 in any brain region, it is defined as an isotropic lesion. We used a mean value of FA in each parcellated region to reveal the integrity of the whole brain.
Network analysis 2.3.1. Network construction
Nodes and edges are the basic elements of a network analysis. We defined the nodes to construct a brain network using an automated anatomical labeling (AAL) template already segmented into 90 cortical and subcortical regions [14] . Segmented regions in AAL template assigned indices from 1 to 90, each representing a node of the network. Two nodes were considered to be connected by an edge if two endpoints of tract were present one by one in each node. A binary undirected brain network was used by assigning a threshold that retains connectedness of over 90% for each network. Thus, if any two nodes i and j were connected, we assigned A ij =1. If not, we assigned A ij =0 in the adjacency matrix A. An example of the brain network construction is shown in Figure 2 (b).
Node degree
To determine the integrity of the structural connectivity of the network regions, the node degree was computed at each node. The node degree is defined as the sum of the rows or columns in the adjacency matrix, ranging from 0 to 89 degrees [15] . A zero node degree represents virtually no associated connections between nodes, whereas an 89 node degree represents maximal possible connections in the network, indicating the extent of connectivity [15] .
Edge betweenness centrality
The edge betweenness centrality (EBC) is defined as the number of the shortest neural pathways transmitting to other associated edges in the network [16] . EBC can determine the relative portal pathway of edges and identify key edges, providing important information about the centralized communication portal edges or sites between other involved nodes in the network [16] . An edge e in the EBC is defined as the fraction of shortest paths between any two adjacent nodes i and j that pass through an edge. (2) where N is the set of nodes, σ ij represents the number of shortest neural pathways between nodes i and j, and σ ij (e) denotes the number of shortest paths between nodes i and j that pass through the edge. A zero EBC indicates the absence of connections between nodes. Edges with a high EBC are considered 'bridges' or portal neural pathways in the network [17] .
Results
The measured FA values, node degree and EBC for the patients were tabulated in Tables 2 and 3 , respectively. As shown in Table 2 , FA in the putamen and supplementary motor areas was reduced in the left (involved) hemisphere compared to the right (non-involved) hemisphere. Similarly, node degree and EBC were lower in the left (involved) than the right (non-involved) hemisphere (Figure 3 ). Table 3 Comparisons of edge betweenness centrality between the right and left hemispheres 
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Discussion
The present investigation used advanced neuroimaging analysis with DTI to determine the potential motor network connectivity between the involved and non-involved hemispheres in stroke patients [18] . Most importantly, we demonstrated that the FA values were substantially lower in the left hemisphere than the right hemisphere. Similarly, the node degree and edge betweenness centrality network parameters were significantly lower in the left hemisphere than the right hemisphere, indicating impaired motor network connectivity in the left hemisphere in stroke patients. Moreover, the motor network disruption observed in DTI was closely associated with MRI markers and clinical motor dysfunction measures, such as spasticity, paresis, and hemiparetic gait.
Conventionally, MRI has been used to identify neuropathology in the whole brain after CVA, which partly accounts for the distribution of underlying motor pathway lesions [19] . Nevertheless, an advanced DTI imaging method can help reveal impaired motor network connections characterized by involvement of precentral and postcentral intrahemispheric connectivity that would not have been identified by conventional MRI techniques [20] . This impairment of the connectivity of pre-and postcentral areas provides a neuropathological mechanism for motor deficits observed in CVA.
The present study has limitations. We used the unaffected hemisphere as control or reference for our novel network computational analysis because our T2 weighted MR images (b0 images) showed relatively intact diagnostic image in the unaffected hemisphere. However, this preliminary investigation invites a future study to compare normal and pathological motor network analysis with a larger sample size. Additionally, a combination of fMRI and DTI would certainly provide more comprehensive structural and functional motor network information. Hence, in future studies, a combination of resting-state fMRI and DTI analysis should be considered to better understand neural function, structural substrates and network connectivity in normal and neurological populations.
Certainly, our DTI findings of altered motor network measures in CVA, and their associations with motor function, corroborate previous studies in CVA and associated motor [21, 22] and cognitive impairments [20] , which have been identified as white matter fiber lesions. The consistency in previous studies of white matter fiber pathology supports clinical ramifications of microstructural network integrity or connectivity for motor function and the suitability of DTI network measures as important neuropathway markers for motor dysfunction in CVA.
Taken together, this neuroimaging evidence highlights the importance of motor network disconnectivity as a mediating mechanism between white matter neuropathology and motor dysfunction in CVA. DTI network analysis may help assisting the clinicians when diagnosing motor network impairments in patients with hemiparetic stroke.
Conclusion
Advanced application of network analysis using diffusion tensor MRI was suitable for identification of white matter network intra-and interhemispheric connectivity, which was impaired in CVA. The degree of disruption was characterized by the impaired FA, node degree, and edge betweenness centrality network analysis parameters and was related to motor impairment. The present network analysis may provide a useful neuropathway marker for accurate diagnosis and therapeutic intervention.
